Hall effect anomaly near T c and renormalized superconducting fluctuations in 

YBasCuaCV. 



I. PuicaQ W. LangQ and W. Gob 

Institut fur Materialphysik der Universitdt Wien, Boltzmanngasse 5, A-1090 Wien, Austria 

Roman Sobolewsk{| 

Department of Electrical and Computer Engineering and Laboratory for Laser Energetics, 
University of Rochester, Rochester, New York 14627-0231 
(Dated: February 2, 2008) 

Measurements of the Hall effect and the resistivity on precisely-patterned YI^OusC^-^ thin films 
in magnetic fields B from 0.5 to 6 T oriented parallel to the sample crystallographic c axis reveal 
a sign reversal of the Hall coefficient for B < 3 T. The data are compared to the full, quantitative 
expressions based on the renormalized fluctuation model for the Hall conductivity. The model offers 
a satisfactory understanding of the experimental results, for moderate fields and temperatures near 
the critical region, provided that the inhomogeneity of the critical temperature distribution is also 
taken into account. We also propose an approach how vortex pinning that strongly affects the 
magnitude of the Hall coefficient can be incorporated in the model. 



I. INTRODUCTION 

The influence of superconducting fluctuations on off- 
diagonal components of the magnetoconductivity ten- 
sor (usually denoted as the excess Hall effect) in high- 
temperature superconductors (HTSC) has received con- 
siderable experimental and theoretical attention over the 
past few years iSi^iiiSiSiL^ Though a general consensus 
seems to be achieved now regarding the existence and the 
temperature dependence of the excess Hall effect, theo- 
retical predictions of its sign are still controversial. Ex- 
perimentally, the Hall resistivity shows a peculiar tem- 
perature dependence. Specifically, as the temperature 
is decreased through the fluctuation region, the Hall re- 
sistivity decreases and changes its sign relatively to the 
normal state one, exhibits a negative minimum and even- 
tually reaches zero at low temperatures. This simple sign 
change was detected in many different HTSG§i2i2ii2iii 
and even in conventional superconductorsiiS^ Further- 
more, a double sign reversal, that is a subsequent re- 
turn of the Hall resistivity to the positive value be- 
fore vanishing, has been observed in highly anisotropic 
HTSC, such as BiaSraCaCuaO^ crystals^ and films^ 
Tl 2 Ba 2 CaCu 2 O x films^ or HgBa 2 CaCu 2 6 filmsii Re- 
cently, the existence of the second sign change was also 
reported in YBa 2 Cu307_ K films, either at high current 
densities 1 ^ or in the strong pinning limit at low magnetic 
fields— i Finally, even a triple sign reversal was reported 
in HgBa 2 CaCu 2 0*6 films with columnar defects induced 
by high-density ion irradiation. 20 

Several theoretical approaches have attempted to ex- 
plain the complex features of the Hall resistivity temper- 
ature dependence, but no consensus has been achieved. 
The Hall anomaly might originate from the pinning 
forced non-uniform carrier density in the vortex corefSiiS^ 
or can be calculated in the time-dependent Ginzburg- 
Landau (TDGL) model: 2 - 3 '— Most recent theories claim 
to predict the double or triple sign reversal, based ei- 



ther on entirely intrinsic mechanism of vortex motion 
and electronic spectrum^ or on hydrodynamic interac- 
tion between vortices and the superconducting and nor- 
mal state fluids— i Some theories invoke superconduct- 
ing fluctuations alone to account for the Hall effect sign 
reversalSZS, while others present a more extended pic- 
ture based on the same foundations of TDGL using both 
the hydrodynamics and the vortex charging effect, arising 
from the difference in electron density between the core 
and the far outside region of the vortexiSi* 2 ^^ Thus, the 
Hall effect in the mixed state of HTSC reflects a com- 
plex interplay between electronic properties of quasipar- 
ticles, thermodynamic fluctuations, hydrodynamic effects 
of vortices, and pinning. 

From a considerable part of the published theoretical 
work, it appears that at least the first sign reversal, which 
occurs near the critical region, where vortex pinning is 
negligible and the superconducting order parameter fluc- 
tuations play an important role, should be ascribed to 
a microscopic origin of superconductivity4*i^2*^i From 
the viewpoint of the TDGL formalism) 24 ! 27 ! 28 to which 
any theory of vortex dynamics must reduce near the 
critical temperature T c ^^ the Hall anomaly is a con- 
sequence of the difference in sign between the normal 
(quasiparticle) part and the superconducting fluctuation 
(or vortex flow) part of the total Hall conductivity. These 
two components have opposite signs, if the energy deriva- 
tive of the density of states averaged over the Fermi sur- 
face is positive when the carriers are holes in the nor- 
mal stated Thus, the sign reversal can be intrinsic and 
depends on the details of the structure of the normal- 
state electronic spectrum. Such notion is further sup- 
ported by the fact that in several HTSC, the sign rever- 
sal disappears when the material is strongly overdoped 
and the band structure approaches that of a conventional 
metal^i 

The possibility of the Hall angle sign change in the 
critical region was first discussed by Fukuyama, Ebisawa 
and Tsuzuki (FET)j 3 ^ who pointed out that the origin of 



2 



a non-vanishing Hall current due to fluctuating Cooper 
pairs could come from a hole-particle asymmetry, which 
reveals a complex relaxation time in the TDGL theory. 
In this early work, it was implicitly assumed that the fluc- 
tuations did not interact; that is, only Gaussian fluctua- 
tion were considered. Accordingly, the fluctuation parts 
of the conductivity tensor elements were predicted to di- 
verge at T c in the presence of magnetic field. However, 
this predicted divergence has not been observed. A great 
improvement was obtained when the interaction between 
fluctuations was taken into account by incorporating the 
quartic term |^>| from the Ginzburg-Landau (GL) ex- 
pression of the free energy. Such a treatment was per- 
formed by Ullah and Dorsey 27 (UD) in the frame of a sim- 
ple Hartree approach of the TDGL theory. More recently, 
Nishio and Ebisawa^ (NE) extended the FET calcula- 
tions of the weak (Gaussian) fluctuation contribution of 
the Hall conductivity to the strong (non-Gaussian) fluc- 
tuation regime, based on more sophisticated renormaliza- 
tion theory by Ikeda, Ohmi and Tsuneto (IOT)^& The 
renormalized, non-Gaussian fluctuation regime connects 
therefore the weak (Gaussian) fluctuation regime in the 
paraconducting region above T c i (H) to the vortex liquid 
(flux-flow) regime below the mean-field transition, inter- 
polating smoothly without the T c divergence predicted 
by the Gaussian theory. 

In this paper, we present simultaneous measure- 
ments of the resistivity and Hall resistivity, of epitaxial 
YBa2Cu307_j; (YBCO) films in a wide range of applied 
magnetic fields (from 0.5 to 6 T), and give a quantita- 
tive account for our Hall-effect experimental data by us- 
ing the aforementioned renormalized fluctuation model 
of NEi2& It is worth mentioning that for B < 0.5 T, 
we have earlier found an occurrence of the second sign 
reversal 1 ^ in similar YBCO thin films in B fields ori- 
ented parallel to the crystallographic c axis and to the 
twin boundaries. This second sign change turned out 
to be strongly vortex-pinning dependent, since it van- 
ished at high transport current densities, or with the B 
field tilted off the twin boundaries by a small angle (5°). 
For moderate magnetic fields instead, as those investi- 
gated in the present paper, and for temperatures near 
the critical region, where the first sign change occurs, the 
pinning contribution to the Hall conductivity is almost 
negligible^ The TDGL approach is therefore considered 
to be appropriate, although quantitatively less accurate 
towards lower temperatures and fields, where pinning be- 
comes more effective. 

There have been so far several reported verifications of 
merely scaling relationships connecting fluctuation con- 
ductivities, temperature, and magnetic field, emerging 
from the TDGL model. Liu et al. 5 found good ex- 
perimental evidence for the validity of the scaling laws 
depending on temperature and B field given by the 
Hartree renormalization procedure in the lowest Landau 
leveliSi This approach was applied to the Aslamazov- 
Larkin (AL) term of the fluctuation longitudinal and 
Hall conductivities^ for B fields ranging between 2 and 



9 T, and identified the cause of the Hall conductivity 
sign change as lying in the fluctuation regime. Gins- 
berg and MansonS and Neiman et al.^ also found a 
satisfactory fit for their data by using the 1/B propor- 
tionality of the fluctuation Hall conductivity, predicted 
by the same Hartree renormalization fluctuation model^X 
in the lowest Landau level approximation (valid in the 
high field limit). We have, however, no knowledge of 
any direct comparison between experimentally observed 
Hall anomaly in HTSC and the full quantitative applica- 
tion of the TDGL theory in the renormalized fluctuation 
regime, where the first sign reversal occurs. And this 
is the main purpose of this work. In Sec. [HI the most 
important results of the IOT— and NE2& renormalized 
fluctuation theories for the longitudinal and Hall con- 
ductivities are reviewed, and modifications for including 
samples with nonuniform T c 's are proposed. Section IlIII 
briefly presents our sample preparation and measurement 
techniques, while Sec. II VI shows our experimental results 
and directly compares them to the theoretical model. Fi- 
nally, in Sec. |VJ we summarize our results and list the 
main conclusions emerging from our analysis. 



II. THEORETICAL BACKGROUND 

Based on the IOT renormalization theory, NE ex- 
tended FET calculations of the weak fluctuation contri- 
bution of Hall conductivity and derived an expression 
of the excess Hall conductivity Aa xy due to the non- 
Gaussian superconducting fluctuations corresponding to 
the AL process in a layered superconductor: 

. <?h°k B T-^ (n + 1) 

2/2 

with: /„ = [e„ (l + d 2 e n )] ; e n = e + 2nh, (n > 1); 
co = e + h; e = (T - T c ) /T c] h = 27r&fl/*„; d = s/2£ c ; 
(3 = — Ae F N' /irgN 2 . Here N is the density of states 
at the Fermi surface ef, N' is the energy derivative of 
N, g (> 0) the BCS coupling constant, £ a b and £ c are 
the coherence lengths extrapolated at T = in ab and c 
directions, respectively, s is the distance between super- 
conductor layers in the Lawrence-Doniach 40 model, T c is 
the critical temperature in the absence of the magnetic 
field, and B the magnetic field applied perpendicularly to 
the ab plane. The renormalization procedure, described 
in detail by IOT, consists in using the renormalized ex- 
pression e n instead of e n for each Landau level n, 
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where: ff3 = 8^VoK 2 fc B T c ^ feJ B/C c $g; /9b = 1 + 2d 2 £ ; 
a = 2^ - 1; 7 = a + 8ff 3 /3 d 3 (/3 2 - l)" 1 / 2 ; a+ = 
a + \/a 2 — 1; 7+ = 7 + v^7 2 — lj an d k being the GL 
parameter of the superconductor. The second term on 
the right hand side of Eq. J2J) is the Hartree term and 
always dominates the third one. 

The pre-factor in Eq. JQ) can be modified in a form 
more convenient for experimental data fits. Taking into 
account the coherence length expression valid in the 
dirty limit: 43, £ a b = (-kJivfI I^AUbTc) 1 ^ 2 (where vf is 
the Fermi velocity, r the scattering time and I — vpT 
is the mean free path) together with the normal-state 
Hall conductivity expression in the classical pictured 
a xy = a xx e BT/m e , one can obtain the following form for 
Aa xy when T m T c : 
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with /„ = [e n (l + d 2 e n )] and e n given by Eq. J2J. 
Expression J3J concerns, as stated, a layered supercon- 
ductor, and only the pre-factor was computed assuming a 
three-dimensional (3D) isotropic Fermi surface, as in the 
BCS theory, justified by the moderate YBCO anisotropy. 
Considering instead a cylindrical Fermi surface, corre- 
sponding to the two-dimensional (2D) case, would change 
the £ a {, expression by a factor of ^/3/2, 4 — and conse- 
quently the (3 value by a factor of 2/3. Since the correct 
band structure for YBCO is expected to be in between 
these two limit cases, our estimation for (3 will be only 
slightly affected. Noticing that e n +\ — e n « 2h, one can 
verify that the above formula gives in the low-field limit 
(h <C e) in the paraconducting region (above T c ), an ex- 
pression that formally matches the 2D and 3D results of 
the FET theory for the AL fluctuation term. The 2D 
limit corresponds to ed 2 3> 1, while the 3D limit is valid 
when ed 2 <C 1. The essential difference remains, how- 
ever, the presence in Eq. @ of the e„-renormalization, 
according to the IOT theory of non-Gaussian supercon- 
ducting fluctuations. 

The IOT theory also gives the fluctuation contribu- 
tion to the longitudinal conductivity in the renormalized 
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which, as derived from the GL functional, corresponds 
to the AL process. It is worth mentioning that the sums 
over Landau levels in Eqs. Q and Q given by the IOT 
- NE theory correspond formally to those found in the 
results of UD2£ in the frame of a simple Hartree approach 
for incorporating the 1^1 4 term in the TDGL theory, with 
the specification that the UD renormalization procedure 
retains only the Hartree contribution. 

In previous papers^ 2 ^ it was reported that even mi- 
nor inhomogeneities of T c within the sample may have a 
measurable, quantitative effect to the paraconductivity, 
fluctuation magnetoconductivity, and excess Hall con- 
ductivity. Thus, we are going to take this effect into 
account in our derivations. Retaining only the first order 
expansion term of the effective medium approximation, 
the inhomogeneity correction writes simply as an aver- 
age of fluctuation conductivities over the T c distribution. 
For simplicity, we assume in our analysis a Gaussian dis- 
tribution of T c 's with a mean value T c q and a standard 
deviation 5T C -C T c o, so that the mean fluctuation con- 
ductivities will write as: 
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Act (T c ) dT c , 
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where Act stands for both Aa xy and Aa xx . 

The averaged fluctuation conductivities (Aa xy ) and 
(Aa xx ) derived from Eqs. ©, (QJ an< 4 © have to be 
added to the normal state components, a xy and a xxl re- 
spectively. No general consensus exists about the func- 
tional form of a xx for HTSC, but the linear tempera- 
ture dependence of resistivity over a broad temperature 
range is generally accepted. It has also been shownii that 
many Hall effect measurements in various HTSC mate- 
rials can be explained using the Anderson's formula: 45 
cot (9^ = aljoly = C1T 2 + C Q . We shall therefore use 
for the normal-state part of the conductivity tensor the 
simple expressions: 
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where po, pi, C\ and Co are fitting parameters to be 
determined from the experiment. Thus, the full conduc- 
tivities will be consequently: 



Cxa = <J XX + (Aa xx ) and a xy = a^ y + (Aa xy ) , (7) 

where (Aa xy ) is given by Eqs. Q and J3J), (Aa xx ) by 
Eqs. Q} and ©, and a xy and a xx by Eq. ©. 

In the above considerations, we only included the AL 
process as contribution to the fluctuation Hall and lon- 
gitudinal conductivities. In order not to overcomplicate 
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the model by introducing non-essential parameters, we 
neglect the Maki-Thompsoniii and the density-of-states 
terms^i which contribute as corrections to the excess 
conductivities only when B -C 1 T, and only in the above- 
T c region. They give therefore a negligible contribution 
to the sign change features of the Hall resistivity, and, 
moreover, their influence can hardly be quantitatively 
discerned from a small correction of the normal-state fit. 



III. EXPERIMENTAL TECHNIQUES 

Our epitaxial YBCO thin films were deposited by 
single-target rf sputtering on LaAlC>3 substrates and pat- 
terned to precisely aligned test structures using a laser 
inhibition technique on a computer-controlled xy-stage4& 
Electrical contacts were established with gold wires, at- 
tached by silver paste to evaporated silver pads. The 
onset of the superconducting transition in zero field was 
at 90 K and the critical current density of our films ex- 
ceeded 3 MA/cm 2 at 77 K. 

The experiments were performed with 17-Hz ac cur- 
rents at j = 250 A/cm 2 together with lock-in detection. 
The measurements from 1 to 6 T were made in a commer- 
cial superconducting solenoid, while low-field measure- 
ments at 0.5 and 1 T were performed in a closed-cycle 
cryocooler and with an electromagnet. Results obtained 
from these two different set-ups were identical at 73 = 1 
T. More detailed description of our experimental systems 
can be found in Refs. [lj] and EM 



IV. RESULTS AND DISCUSSIONS 

The experimental Hall resistivity normalized to the 
field for a YBCO thin film, measured in various magnetic 
fields is shown in Fig. ^ (symbols), while in the inset in 
Fig. ^the longitudinal resistivity is presented (symbols). 
The superconducting transition in Fig. ^ inset is typi- 
cal for a thin-film sample with a vortex-glass behavior 
at low temperatures, while the shape of the upper part 
of the transition is common to both thin films and sin- 
gle crystals^ Figure ^ shows that the Hall resistivity 
is always positive (hole-like) for B > 3 T and exhibits 
the sign change at lower fields, in accordance with pre- 
vious investigations performed in the similar magnetic 
field range. One can also notice that the Hall resistivity 
minimum occurs in the vortex-liquid regime, and that 
the Hall anomaly increases significantly when the field is 
reduced below 2 T. 

Our first attempt to fit the experimental data by using 
theoretical dependencies of the renormalized fluctuation 
modei2L2& is also shown in Fig. ^ (dotted lines) and re- 
sults in curves similar to those presented in the IOT and 
NE theoretical papers. The effect of the sample inhomo- 
geneity was in this approach neglected. Eq. ijlfl. given by 
the IOT model, was used for the fluctuation longitudinal 
conductivity, while Eq. © , based on the NE model, pro- 



200 - 




Temperature [K] 



FIG. 1: Comparison between the experiment (symbols) and 
the NE renormalized fluctuation model (dotted lines) for the 
YBCO normalized Hall resistivity p yx /B as a function of tem- 
perature for different values of the magnetic field. The inset 
shows the comparison between the experiment (symbols) and 
the IOT renormalized fluctuation model (dotted lines) for the 
YBCO longitudinal resistivity p xx . The arrows indicate the 
increasing field direction. The fit parameters are given in the 
text. 



vided the fluctuation Hall conductivity. Both models rely 
on the same set of adjustable parameters. The normal 
state contributions, obtained by fitting the experimen- 
tal data for temperatures greater than 100 K with the 
expressions given in Eq. |@, were, subsequently, added 
to the fluctuation contributions. Finally, the inverted 
conductivity tensor gave the longitudinal and Hall con- 
ductivity shown in Fig. 2] The model parameters that 
allowed to find the best fitting theoretical curves, were: 
T c = 87 K, k = 70, s = 1.17 nm equal to the c-axis 
lattice parameter (this implies that the two copper-oxide 
planes in the unit cell are tightly coupled, acting as one 
superconducting layer), £ Q {, — 1.2 nm and £ c = 0.14 nm 
at T = 0, and (3 — —0.007. Comparison between the ex- 
periment and the model in Fig. ^ shows that the renor- 
malized fluctuation approach is adequate, at least from 
a qualitative point of view. All features of the Hall re- 
sistivity dependence on temperature, namely the steep 
decrease in the fluctuation region below 90 K, the sign 
change, the negative minimum and subsequently the van- 
ishing trend at low temperatures are clearly reproduced 
by the model. 

We note that the fitting parameters listed above, like 
the coherence lengths and the Ginzburg-Landau param- 
eter assume the values very typical for YBCO. Essential 
for this approach is, however, the negative value of the 
hole-particle asymmetry parameter (3 (this means a nega- 
tive Aa xy ) that implies a positive energy derivative of the 
density of states at £p when the carriers are holes in the 
normal state. As suggested by Kopnin and Vinokur, 50 
one possibility to explain this behaviour is that the Fermi 
surface of a metal in the normal state has both hole-like 
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and electronic pockets. The Hall anomaly may thus de- 
pend on the doping level, as it was reported by Nagaoka 
et al£^ Very recently, Angilella et al£^ have found that, 
close to an electronic topological transition of the Fermi 
surface, in the hole- like doping range, the fluctuation Hall 
conductivity has indeed an opposite sign with respect to 
the normal state one, giving additional strong support 
that the Hall resistivity sign reversal is intrinsic and de- 
pends on the details of the structure of the electronic 
spectrum. 

We shall further discuss the reasons for quantitative 
discrepancies between experimental curves and the model 
predictions in Fig. ^ and provide some modalities to im- 
prove them. A first point is that the IOT model for the 
longitudinal resistivity fails to reproduce correctly the 
low temperature part of the transition, giving too long 
tail of the resistivity decrease. Two reasons are respon- 
sible for this behavior. One of them lies in the renor- 
malization procedure in the IOT model, which roughly 
corresponds to a Hartree approximation. As remarked 
by Ullah and Dorsey^Sl an important consequence of the 
Hartree approximation is that the calculated properties 
in the flux-flow limit differ from the mean-field predic- 
tions by a numerical factor of 2/ (3 a, where (3a is the 

Abrikosov parameter (3a = (\ip\ 4 ^ / ^|^| 2 ^ = 1-16 for 
a triangular vortex lattice. Thus, the Hartree predic- 
tion for the conductivity is 2/ (3a times smaller than the 
mean field result, which consequently leads to a higher 
resistivity predicted by the fluctuation model in the low- 
temperature range of the transition, as it can be seen in 
the inset in Fig. ^ Another reason, maybe more impor- 
tant quantitatively, is the presence of flux pinning, which 
is neglected in the fluctuation model, but which drasti- 
cally steeps the resistivity descent in the lower part of 
the transition. This quantitative inadequacy of the fluc- 
tuation model for the p xx in the low temperature region 
manifests itself implicitly in the corresponding features of 
the p yx theoretical curve, namely in the long, nonvanish- 
ing tail at low temperatures. For this reason, we decided 
to further test the general validity of the renormalized 
fluctuation model over the entire temperature range only 
for the Hall conductivity a xy — p yx / (p xx + p yx ) that is 
believed to be almost independent of pinning. 2 

Following the above conclusion, Fig. [3 (symbols) 
presents the experimental Hall conductivity a xy normal- 
ized to B. It is instructive to visualize the Hall effect 
using this plot, since a xy /B is independent of B in the 
normal state above 90 K. The observed behavior sug- 
gests the presence of at least two contributions to the 
Hall conductivity. One has the same sign as the normal- 
state effect and rapidly increases below T C (B), becoming 
predominant for B > 4 T, and indicating a reduced car- 
rier scattering in the superconducting state. The other 
contribution exhibits an opposite sign and gains impor- 
tance with smaller B's. Thus, for fields smaller than 3 T, 
the negative part dominates and a xy changes its sign. It 
can be also noticed in Fig. [2Jthat with decreasing B, the 
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FIG. 2: Comparison between the experiment (symbols) and 
the renormalized fluctuation model (solid lines) for the YBCO 
normalized Hall conductivity a xy /B as a function of temper- 
ature for different values of the magnetic field. The NE model 
was used here with the relaxed (3 parameter, in order to ob- 
tain the best fit. An average of the Hall conductivities over 
a Gaussian distribution of T c 's within the sample was also 
included. The inset shows the (3 dependence on the magnetic 
field, extracted from fitting. The line is to guide the eye. 

negative contribution shifts to higher temperatures and 
exists in a narrower temperature range. 

In small B fields, the Hall anomaly is a very sharp fea- 
ture in the experimental data. A possible inhomogeneity 
of the material will influence the low-field results, but re- 
main insignificant at higher fields. In order to improve 
the quantitative agreement with the experiment, we have 
included in our model a distribution of T c 's over the sam- 
ple [see Eq. J5J], and Eq. J7J) was used for the Hall con- 
ductivity. The main effects of this correction are a less 
steep decrease of the Hall resistivity in the first part of the 
transition (immediately below 90 K) and a relative reduc- 
tion in absolute value of the negative minimum. Figure 
121 presents the results of such a model (solid lines), where 
a Gaussian distribution of T c 's was used with a relative 
variance ST c /T c o — 0.02. All the other parameters except 
(3, namely £ a &, £ c , s and k remained the same, as used 
in the fits shown in Fig. ^ We found that the best fits 
were obtained with a relaxed (3 parameter, and inferred 
empirically an apparent field dependence of this param- 
eter, shown in the inset in Fig. [3 We think, however 
that the decrease of the (3 absolute value with decreasing 
B could be simply the dissimulated effect of the increas- 
ing role of vortex pinning at lower field values. Indeed, 
in our recent paper ^ a second sign reversal was clearly 
identified for fields under 0.5 T and this effect became 
more important with the decreasing field. The second 
sign change disappeared in high current densities or un- 
der slightly tilted field direction, revealing its vortex pin- 
ning origin. The positive pinning contribution to the Hall 
conductivity, which gains importance at low fields could 
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FIG. 3: Comparison between the experiment (symbols) and 
the renormalized fluctuation model (solid lines) for the YBCO 
normalized Hall resistivity p yx /B as a function of temperature 
for different values of the magnetic field (the arrow indicates 
the increasing B direction). The experimental longitudinal 
conductivity was used for the calculation of p yx - The inset 
shows the transition temperature region in detail. For further 
details see the text. 



be therefore reflected in the apparent field-dependence 
of the absolute value of (3. In a recent theoretical work, 
Kopnin and Vinokur— also signalized, based on a simple 
model of pinning potential, that an increasing pinning 
strength not only affected the longitudinal flux-flow re- 
sistivity, but also decreased the magnitude of the vortex 
contribution to the Hall voltage (fluctuation term in the 
TDGL approach). Strong enough pinning can even re- 
sult in a second sign reversal of the Hall resistivity, if 
the negative vortex (fluctuation) contribution is reduced 
in absolute value to magnitudes that are insufficient to 
counteract the positive contribution of the normal state 
conductioni 32 ! 50 

The best illustration of our modelling approach is pre- 
sented in Fig. [3] where we show the normalized Hall re- 
sistivity Pyx/ B computed by using the theoretical Hall 
conductivity a xy = o~Jj.y + {^- a xy) and the experimental 
longitudinal conductivity er°* p = l/p°* p , with the re- 
distribution correction included. The idea behind this 
procedure is that the effect of pinning manifests itself 
primarily in o~ xx , whereas o~ xy is almost independent of 
pinning for magnetic fields > 1 T, as it was shown in 
a number of different experiments using artificially in- 
troduced defects^i or variation of current density^ We 
note an extremely good agreement between the experi- 
mental and theoretical curves of the Hall resistivity in 
the entire temperature and magnetic field ranges. For 
fields above 3 T, for which the transition width enlarges 
towards lower temperatures (below 80 K), an additional 
positive contribution to the Hall conductivity (see Fig. 
[2J , other than the extrapolation of the normal state one, 
turns out to play a prevalent role. This effect is now not 
evidenced in the Hall resistivity picture (Fig. |3J), due to 



the vanishing Hall resistivity in this temperature region. 
A possible interpretation for this supplementary positive 
term to the Hall conductivity is the modification of the 
normal-state conduction itself, namely, a reduced carrier 
scattering of quasiparticles in the superconducting state. 
Figure also proves that the much slower asymptotic 
trend of the theoretical Hall resistivity towards zero ob- 
served in Fig. ^ was indeed caused by the non-adequacy 
of the fluctuation model to the low-temperature part of 
the longitudinal resistivity dependence. An improvement 
of the model should therefore take into account also flux 
pinning, since it affects the longitudinal conductivity in 
the lower part of the transition. It can also be seen com- 
paring Figs. |21 and that including the T c distribution 
results in smoothing of the curves and leads to a gentler 
slope of the Hall resistivity in its initial positive part. Still 
non-elucidated remains the true value of the (3 parame- 
ter, since the values returned by the fitting procedure are 
most likely altered by the pinning effect on the Hall con- 
duction and appear to be rather sensitive to sample T c 
inhomogeneities. The hole-particle parameter was also 
deduced from an independent analysis of the excess Hall 
effect caused by Gaussian superconducting fluctuations 
above the mean-field critical temperature^ Although the 
negative sign was found as well, the magnitude of (3 dif- 
fered significantly, likely due to the different limits in the 
models on which the analysis was based. The negative 
sign of /3, connected with a positive derivative of the den- 
sity of states at the Fermi level is, however, essential in 
order to explain the sign change, from positive (hole-like) 
to negative (electron-like) in the Hall resistivity. 



V. CONCLUSIONS 

We presented results of simultaneous measurements 
of the resistivity and Hall resistivity for epitaxial 
YBa2Cu307_j; films in a wide range of the magnetic 
field, and explained our Hall-effect experimental data 
by comparing them to the full quantitative expressions 
given by the renormalized fluctuation model for the ex- 
cess Hall conductivity in HTSC materials. We found that 
this model offers an adequate quantitative understand- 
ing of the experimental dependencies for moderate fields 
and temperatures near the critical region, provided that 
the inhomogeneity of the T c distribution is also taken 
into account. The essential factor that explains the Hall 
anomaly is the negative fluctuation term in the Hall con- 
ductivity, due in turn to the negative hole-particle asym- 
metry parameter. In this framework, the Hall resistivity 
sign change and the presence of the negative minimum 
for magnetic fields lower than 3 T is easily accounted 
for. We have also found that for high fields (B > 4 T), 
in the lowest temperature range of the transition, the 
positive contribution to the Hall conductivity becomes 
again prevalent, being greater than the extrapolation of 
the normal state expression, and giving the evidence for 
a reduced carrier scattering in the superconducting state. 
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The conclusion of our analysis is that the Hall anomaly 
in YBCO thin films is the result of a delicate interplay of 
three contributions to the Hall conductivity: (i) positive 
quasiparticle vortex-core contribution, associated with 
normal-state excitations, which dominates at high fields 
(B > 3 T) and increases above the extrapolation from the 
normal state below T c , indicating reduced quasiparticle 
scattering in superconductor state; (ii) superconducting 
contribution (excess Hall effect), resulting from the vor- 
tex flux-flow and superconducting fluctuations, which, by 
its negative sign, is connected to the details of the Fermi 
surface, and is essential to the sign change occurrence in 
fields below 3 T; and (Hi) pinning contribution, which 
does not contribute significantly to the Hall conductivity 
in the investigated range of magnetic fields and temper- 
atures, but results in an apparent decrease of the hole- 
particle asymmetry at low fields. The pinning contribu- 
tion eventually leads to the second sign reversal of the 



Hall effect in YBCO in very low fields (B < 0.5 T). Fi- 
nally, we have found that using the experimental values 
of a xx in the calculation of the Hall resistivity removes 
the apparent quantitative discrepancy between the NE 
model and the experimental data. 
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